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ABSTRACT 
 
This work proposes a sustainable alkaline membrane fuel cell (SAMFC) 
comprising a traditional AMFC coupled to a hydrogen generation reactor. 
The reactor uses recycled aluminum from soda cans to split the water 
molecule via oxidation catalyzed by NaOH, and an innovative cellulose 
membrane eliminates the undesirable characteristics of liquid electrolytes and 
asbestos or ammonia---common constituents of alkaline electrolyte 
membranes that are toxic and carcinogenic. Oxygen is supplied to the cell by 
first directing the ambient air through KOH aqueous solution to remove CO2 
and thus to avoid the formation of K2CO3. In this paper, an SAMFC system 
with one unitary cell, reactor, and CO2 purifier was designed, built, and tested 
in the laboratory, and the system was compared experimentally against 
traditional AMFCs driven by commercial hydrogen and by the hydrogen 
derived from commercial aluminum. According to experimental polarization 
and power curves, the SAMFC delivered 0.9V in open circuit and 
approximately 0.42W of maximum power with recycled aluminum. The 
study thereby demonstrates the economic potential and competitive 










Bi bias limit of quantity i 
I current, A 
P power, m 
Pi precision limit of quantity i 
Ui uncertainty limit of quantity i 










Fuel cell technologies have emerged as 
prominent alternatives to traditional coal-based 
power plants as they leverage electrochemical 
reaction which is highly efficient, simple, silent, and 
yields nonhazardous byproducts. Machado et al. 
(2018) highlight, for example, the applications of fuel 
cells as power generators in space stations and 
satellites as well as how the technological 
advancements have further extended their use cases 
over the past years. Fuel cells are typically classified 
by their electrolyte type, and the representative ones 
are alkaline fuel cell (AFC), proton exchange 
membrane fuel cell (PEMFC), phosphoric acid fuel 
cell (PAFC), molten carbonate fuel cell (MCFC), and 
solid oxide fuel cell (SOFC).  
According to Mclean et al. 2002, AFCs were the 
first commercialized fuel cells to generate electricity 
from hydrogen. The main drawbacks of AFCs, 
however, are the use of liquid electrolytes, highly 
reactive potassium hydroxide KOH solution to 
carbon dioxide (CO2)(Merle and Nijmeijer, 2011), 
and high cost. PEMFCs hence became an attractive 
alternative particularly for vehicles, but it also posed 
challenges such as water management and high cost 
of platinum and Nafion membrane (Ebrahimi et al., 
2017). To overcome the limitations persisting in 
alkaline and PEM fuel cells, a new fuel cell type with 
anionic exchange membrane, also known as alkaline 
membrane fuel cell (AMFC), was developed. 
Although the technology is still nascent, its enormous 
potential as the next generation fuel cell has already 
drawn extensive research interests (Henkensmeier et 
al., 2017).  
Ongoing investigations of AMFCs focus 
primarily on two aspects---development of high-
performance ionic membranes and use of abundant 
electrode catalysts (Hou et al., 2017). The anionic 
exchange membrane has been developed to solve the 
problems with liquid electrolyte in AFCs while its 
resistance to corrosion yields high durability. 
Furthermore, the membrane facilitates the kinetics for 
oxygen reduction reaction which makes it favorable 
over PEMFCs for power generation (Alesker et al., 
2016; Dekel, 2018). Despite its advantages, AMFC 
technology also needs to overcome the challenges 
related to anionic membrane material selection and 
hydrogen production. Typical anion-exchange 
membrane cells, for instance, feature asbestos 
separator saturated in potassium hydroxide or solid 
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anionic membranes like ammonia-based alkaline 
membranes to eliminate carbon dioxide poisoning, 
but ammonia is toxic and flammable while asbestos is 
a known carcinogenic agent.  
This study addresses the aforementioned 
limitations of AMFCs by proposing a sustainable 
AMFC characterized by the following: (1) nontoxic 
and nonflammable cellulose membranes and (2) 
driven by the hydrogen obtained from recycled 
aluminum. Furthermore, we discuss herein the 
potential use of cellulose membranes as a viable and 
beneficial alternative to conventional membranes as 
not enough information on this new technology is 
available in the literature. The proposed concept is 
illustrated in Figure 1 where hydrogen is derived 
from residual (recycled) aluminum which is then 
supplied to an AMFC along with oxygen from 
ambient air to provide electricity. During this 
process, aluminum is recovered and recycled for 








Most fuel cells use hydrogen as fuel and there 
exist several hydrogen synthesis technologies. The 
most common one is a fossil fuel-based process 
called steam reforming of methane (SRM). Steam 
reforming is a highly endothermic process and 
requires an effective way of supplying heat to the 
reactor (see Mundhwa and Thurgood (2017)for 
example) as the process takes place at temperatures 
between 700°C-900°C. In addition, a large amount of 
water vapor is used to promote the exothermic 
reaction in the shift reactor (Baysal et al., 2017). The 
major drawback of this approach is the amount of 
CO2 emitted during reaction aside from the methane 
derived from fossil fuels. As a result, scientists and 
engineers have highlighted the need for clean and 
sustainable hydrogen production methods (Kothari et 
al., 2008). 
Perhaps one of the most widely-adopted 
hydrogen production method is electrolysis. The 
electricity cost associated with the operation of 
electrolyzers has limited their use at large scale. More 
recent investigations on effective hydrogen 
production methods include the use of metals. 
Aluminum and its alloys, for example, have 
mechanical, electrical, and thermal properties suitable 
for hydrogen production. 
Aluminum is the most abundant metal in the 
earth's crust, and it is easily found in soda cans, 
although elemental aluminum is not found free in 
nature (only as part of compounds) and there are 
negative environment consequences of mining and 
processing. Recycling aluminum is therefore 
beneficial for the environment, and further 
advantages emerge when combined with hydrogen. 
Aluminum hydroxide, for instance, can be recycled 
for a continuous fuel cell operation, and the reaction 
byproduct AlOH3 can be used to produce other 
aluminum salts, in pharmaceuticals (hydroxides), or 
in electrolysis. The reaction is catalyzed by sodium or 
potassium hydroxides which can also be fully 
recovered (Momirlan and Veziroglu, 2002; Soler et 
al., 2009;Porciuncula et al., 2012). Another 
advantage of aluminum is its relatively low density 
compared to other metals, and such a characteristic 
can significantly reduce the overall system mass 
(Rosenband et al., 2010;Huang et al., 2013).  
Despite its advantages, a passive oxide film in 
metallic aluminum may impede the reaction from 
occurring, and novel techniques that use sodium or 
potassium hydroxide as catalysts have been proposed 
to trigger reactions. Alkaline catalysts dissolve the 
oxide and expose the aluminum surface to react with 
water (Soler et al., 2007;Froes et al., 2009). 
According to Soler et al. (2007), one advantage of 
using sodium or potassium hydroxide as catalysts is 
that reactions can take place in mild operating 
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The experimental fuel cell configuration 
consists of two brass plates for reactants (one for 
H2and another for O2), each with a side area of 144 
cm2and 1 cm thick and parallel channels for gaseous 
flow (see Figure 2). In addition, there are two 
platinum electrodes, for cathode and anode, and an 
anionic cellulose membrane saturated with KOH 
(40\% w/w) placed in between the electrodes. The 
membrane is composed of a filter paper of special 
composition for proper electrolyte absorption and 
durability, providing a novel and inexpensive method 
of introducing the potassium hydroxide electrolyte to 
the cell. An acrylic support holds the AMFC 
assembly as seen in Figure 3 and there is no need to 
keep the cell suspended nor insulated to avoid contact 
between the metal parts. 
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Figure 3. Fuel cell assembly. 
 
The experiment was carried out with 
commercial hydrogen (99.5\%) and with hydrogen 
from recycled aluminum. Hydrogen was produced 
via hydrolysis with aluminum using potassium 
hydroxide as a catalyst (1.5 M). Both commercial and 
residual aluminum shown in Figure 4 were used to 
produce hydrogen for comparison purposes. The 
recycled aluminum came from soda cans which were 
triturated with a TRF 300G fodder crusher to increase 
the contact area of aluminum with the aqueous 
solution and to promote reaction kinetics. The unit 
cell was fed with hydrogen from aluminum in the 
presence of the catalyst (for commercial and 
recycled) which took place in a Kitasato reactor. 
Oxygen was obtained from ambient air, which passed 
through an aqueous solution of KOH (20\% w/w) in 
an Erlenmeyer to remove CO2 and to avoid the 





Figure 4. Commercial and residual aluminum 
compared in the experiment. 
Each test consisted of measuring the current and 
voltage to quantify the performance based on the 
polarization curves. The resistance was imposed by a 
nickel-chrome wire that was connected to the system 
to vary the electrical load between the maximum and 
minimum limits, from the open circuit (I= 0) to short 
circuit conditions. The voltage and current precision 
limits for each experiment were computed as two 
times the standard deviation of the 3 runs (Kim et al., 
1993), and it was assumed that the system response 
followed a symmetric unimodal normal distribution. 
Subsequently, 95\% of the system responses 
exhibited actual voltage and current equal to the 
calculated mean (from the sample measurements) 
with twice the experimental standard deviation (Van 
Belle, 2011). Both the voltage and current bias limits 
were negligible in the presence of respective 
precision limits. Due to the low current range 
observed in the SAMFC stack prototype (0≤I ≤ Imax), 
pumping power was neglected and therefore 
Pnet≈P=VI. As a result, the measurement uncertainties 
were obtained from the following equation: 
 
1 22 2
i i i iU B P P
i i i i
     = + ≅   
     
 (2) 
 
where I = V, I, or P. 
 
RESULTS AND DISCUSSION 
 
The results for a single-cell AMFC with 
commercial hydrogen are show in Figure 5 and Table 
1. The open-circuit voltage was 0.95 V, and while the 
thermodynamic fuel cell voltage at 25°C is 1.23 V, 
the fuel cell voltage was approximately 0.90 V under 
the operating conditions considered herein. 
Furthermore, the maximum power obtained in the 




Figure 5. Polarization curve for commercial 
hydrogen-AMFC. 
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data. 
I (A) V (V) P (W)    
0.000 0.916 0.000 0.000 0.001 0.001 
1.940 0.215 0.417 0.000 0.000 0.000 
0.460 0.735 0.338 0.000 0.002 0.003 
0.410 0.754 0.309 0.000 0.002 0.004 
0.330 0.782 0.258 0.000 0.003 0.009 
0.310 0.790 0.245 0.000 0.001 0.005 
0.250 0.812 0.203 0.000 0.004 0.015 
0.230 0.822 0.189 0.000 0.001 0.006 
0.220 0.825 0.182 0.000 0.000 0.000 
0.210 0.828 0.174 0.000 0.001 0.007 
0.180 0.840 0.151 0.000 0.000 0.000 
0.153 0.852 0.131 0.088 0.002 0.119 
0.150 0.852 0.128 0.000 0.001 0.009 
0.140 0.857 0.120 0.000 0.001 0.010 
0.127 0.863 0.109 0.106 0.000 0.122 
 
The same experiment was conducted with 
hydrogen derived from commercial aluminum (i.e., 
commercial-SAMFC), and its results are listed in 
Figure 6 and Table 2 according to which the open-
circuit voltage was 0.90 V. This voltage was slightly 
lower than that of commercial hydrogen-AMFC and 
the power for a single-cell commercial-SAMFC was 





Figure 6. Polarization curve for commercial 
aluminum-SAMFC. 
 
Table 2. Commercial aluminum-SAMFC experiment 
data. 
I (A) V (V) P (W)    
0.000 0.903 0.000 0.000 0.001 0.001 
1.473 0.263 0.388 0.030 0.004 0.012 
0.450 0.685 0.308 0.000 0.003 0.006 
0.390 0.711 0.277 0.000 0.004 0.011 
0.320 0.740 0.237 0.000 0.002 0.005 
0.310 0.746 0.231 0.000 0.002 0.005 
0.237 0.779 0.184 0.063 0.008 0.011 
0.223 0.790 0.177 0.065 0.023 0.019 
0.190 0.802 0.152 0.000 0.004 0.023 
0.187 0.803 0.150 0.077 0.002 0.011 
0.163 0.816 0.133 0.087 0.012 0.018 
0.170 0.814 0.138 0.000 0.008 0.044 
0.150 0.821 0.123 0.000 0.006 0.037 
0.130 0.830 0.108 0.000 0.006 0.043 
0.120 0.835 0.100 0.000 0.003 0.002 
 
Figure 7 and Table 3 show polarization curve 
for hydrogen obtained from soda can aluminum, i.e., 
recycled aluminum-SAMFC. The open-circuit 
voltage was also 0.90 V as with the commercial 
aluminum, and the maximum power maximum was 
0.35 W, approximately 12.8\% reduction from that 
obtained with commercial hydrogen. The following 
quadratic equations representing power as a function 
of current were obtained by fitting the experiment 
data, based on which the maximum power for each 
aforementioned test case was estimated: 
 
2P 0.3511I 0.8956I 0.0012= − + +  
 
2P 0.4115I 0.8683I 0.0019= − + +  
 
2P 0.3825I 0.87858I 0.0008= − + +  
 
The reported voltage, current, and power obtained 
experimentally are in the same order of magnitude as 
other works conducted under different conditions 




Figure 7. Polarization curve for recycled aluminum-
AMFC. 
 
Table 3. Recycled aluminum-SAMFC experiment 
data. 
I (A) V (V) P (W)    
0.000 0.916 0.000 0.000 0.001 0.001 
1.940 0.215 0.417 0.063 0.031 0.033 
0.460 0.735 0.338 0.000 0.008 0.017 
0.410 0.754 0.309 0.044 0.005 0.014 
0.330 0.782 0.258 0.000 0.004 0.012 
0.310 0.790 0.245 0.000 0.006 0.021 
0.250 0.812 0.203 0.065 0.009 0.015 
0.230 0.822 0.189 0.000 0.007 0.006 
0.220 0.825 0.182 0.000 0.006 0.029 
0.210 0.828 0.174 0.000 0.008 0.037 
0.180 0.840 0.151 0.000 0.007 0.008 
Tecnologia/Technology Yang et al. Sustainable Alkaline Membrane Fuel… 
 
Engenharia Térmica (Thermal Engineering), Vol. 19 • No. 1 • June 2020 • p. 07-12 11 
 
0.153 0.852 0.131 0.000 0.007 0.009 
0.150 0.852 0.128 0.000 0.009 0.006 
0.140 0.857 0.120 0.000 0.004 0.025 




The proposed SAMFC prototype with a 
cellulose electrode was built, tested and compared 
against other AMFCs whose hydrogen came from 
commercial supplier or derived from commercial 
aluminum powder. The open-circuit voltage and peak 
power were 0.95 V and 0.42 W for commercial 
hydrogen-AMFC, 0.90 V and 0.39 W for commercial 
aluminum-SAMFC, and 0.90 V and 0.35 W for 
recycled aluminum-SAMFC. According to these 
results, the proposed system has a great potential for 
industrial use and the integration of a cellulose 
membrane as an electrolyte promotes cost reduction 
and clean power generation. Moreover, producing 
hydrogen from recycled aluminum is an attractive 
solution in a society where sustainability is eagerly 
sought, and this study verifies both the feasibility and 
potential of the proposed SAMFC as an effective 
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